Objective To obtain large scale and generalisable data on the long term predictive value of cytology and human papillomavirus (HPV) testing for development of cervical intraepithelial neoplasia grade 3 or cancer (CIN3+). Design Multinational cohort study with joint database analysis. Setting Seven primary HPV screening studies in six European countries. Participants 24 295 women attending cervical screening enrolled into HPV screening trials who had at least one cervical cytology or histopathology examination during follow-up. Main outcome measure Long term cumulative incidence of CIN3+. Results The cumulative incidence rate of CIN3+ after six years was considerably lower among women negative for HPV at baseline (0.27%, 95% confidence interval 0.12% to 0.45%) than among women with negative results on cytology (0.97%, 0.53% to 1.34%)). By comparison, the cumulative incidence rate for women with negative cytology results at the most commonly recommended screening interval in Europe (three years) was 0.51% (0.23% to 0.77%). The cumulative incidence rate among women with negative cytology results who were positive for HPV increased continuously over time, reaching 10% at six years, whereas the rate among women with positive cytology results who were negative for HPV remained below 3%. Conclusions A consistently low six year cumulative incidence rate of CIN3+ among women negative for HPV suggests that cervical screening strategies in which women are screened for HPV every six years are safe and effective.
INTRODUCTION
Cytological screening has reduced the incidence of cervical cancer in countries with organised screening, 1 but in Europe in 1995 there were still an estimated 68 000 incident cases. 2 Cytology has limited reproducibility, 3 and both meta-analyses and pooled analyses of cross sectional studies have established that tests for human papillomavirus (HPV) have higher sensitivity than cytology in detecting high grade cervical intraepithelial lesions (CIN) 4 5 and that combined HPV and cytology testing has high negative predictive values for CIN. [6] [7] [8] Cost effectiveness modelling of screening strategies, however, depends greatly on reliable and generalisable estimates of the longitudinal, long term predictive values of testing. The long term negative predictive value is the main determinant of the safe screening interval to use, a key factor for the cost efficiency of a screening programme. The long term positive predictive value is an important measure of the extent of unnecessary procedures induced by screening, another major factor in evaluations of cost efficiency. As low and moderate grades of CIN often regress, predictive values to be used for modelling should ideally use CIN grade 3 or cancer (CIN3+) as the outcome. 9 Several randomised controlled trials are currently being conducted to compare primary screening based on HPV detection with conventional cytology screening. [10] [11] [12] [13] [14] [15] [16] Data from these trials indicate that HPV based screening results in detection of more high grade CIN lesions (a higher sensitivity) but a reduced specificity compared with cytology based screening. The randomised trials found that the increased sensitivity for CIN3+ is not merely overdiagnosis as there is a correspondingly lower incidence of CIN3+ in the future, [11] [12] [13] [14] further establishing the validity of using CIN3+ as end point in studies of HPV based cervical screening.
Most of the cohort studies and the randomised trials, however, have observed only limited numbers of cases of CIN3+ on longer term follow-up, resulting in reduced statistical power for estimating the critical factor for deciding the appropriate screening interval: the rate of CIN3+ among women with negative results at screening. Furthermore, clinical and diagnostic practices vary between European countries, and different studies have often used different methods for evaluation, making meta-analyses difficult.
To obtain large scale and generalisable data on long term predictive values for CIN3+, we obtained primary data from seven HPV screening studies in six EU countries, each investigating the predictive value of primary HPV screening for future CIN3+; assessed variability between studies; and estimated the overall long term predictive values for CIN3+.
METHODS
The seven prospective HPV studies supplied data to a common database for joint statistical analysis. Table 1 provides details of the design of the seven studies, inclusion and exclusion criteria, setting, and location. All studies used routine cytology as currently practised in their country. Table 1 also describes the different HPV tests used for each country. For all studies the people executing either test were unaware of the results of the other test. Comparability and reproducibility of the two main HPV tests used (hybrid capture II and GP5+/6+ polymerase chain reaction) was evaluated with κ statistics. 17 Recruitment was consecutive and data collection prospectively planned.
Denmark
In 1993-5 women in the general population were enrolled in a prospective cohort study of the clinical course of HPV and cervical neoplasia. They were interviewed and underwent a cervical smear tests for cytology and cervical swabs for detection of HPV DNA with hybrid capture II. 18 Each woman's unique 10 digit personal identification number was linked to the national pathology data bank (a nationwide computerised pathology register containing all cytological and histological diagnoses) to allow follow-up. Data from women with negative results on both tests were supplied to the joint database.
Germany: Hannover and Tübingen studies
In 1999-2000 women aged ≥30 were invited to the medical universities in Hannover or Tübingen for a prospective cohort study (HAT trial) on HPV screening. 6 In Hannover women were followed with colposcopy every 6-12 months if they had a positive result on a hybrid capture 2 test or positive cytology at baseline. Women with negative results on both tests underwent annual cervical smear tests and 5% were referred for colposcopy five years later. In Tübingen, women with negative results on both tests at baseline were followed up with cytology and hybrid capture II test after five years; and if either test result was positive then they were referred for colposcopy.
United Kingdom
The UK study included women attending routine screening in west London to evaluate HPV based screening in women aged ≥35 during 1994-7.
19 DNA analysis was initially performed with the polymerase 20 All women with abnormal results on cytology were referred for colposcopy. Women with a positive HPV test but normal cytology results were recalled after 6-12 months for a repeat cytological smear and HPV test. If a cytological abnormality was found or if the woman had a persistent HPV infection she was referred for colposcopy. Women with normal cytology results and a negative HPV test at baseline were followed with standard biennial or triennial cervical screening. A random 15% of women with negative results on both tests at baseline were also referred for colposcopy.
Sweden
In 1997-2000 women aged 32-38 who took part in organised cervical screening in five regions of Sweden (Gothenburg, Malmö, Stockholm, Umeå, and Uppsala) were invited to participate in a randomised population based trial of primary HPV screening with general primer GP5+/6+ polymerase chain reaction. 21 In the intervention arm, women with a positive HPV test were invited for a second cytology and HPV test at least a year later, together with a similar number of women randomly selected from the control arm. Women with persistent HPV infection, as well as a similar number of women from the control arm, were invited for colposcopy. 21 Women with abnormal cytology were referred for colposcopy in accordance with established clinical algorithms. We included all women in the intervention arm and the randomly selected women from the control arm. All study participants were followed by registry linkages with comprehensive regional cytology and pathology registries by using unique personal identification numbers.
Spain
In 1997-2001 women randomly selected from the general population of the Barcelona metropolitan area or who were attending one of nine family planning clinics for routine screening were enrolled. 22 Both enrolment strategies performed frequency matching to the underlying general population. The study estimated the incidence and prevalence of genital HPV infection and evaluated the predictive value of cytology and HPV testing for future CIN at one and five years' follow-up. HPV testing was done with hybrid capture II. Women from the general population were referred for colposcopy if they had abnormal cervical cytology or were persistently positive for HPV at the end of follow-up. Women from the family planning clinics were referred for colposcopy if they had abnormal cervical cytology or two consecutively positive HPV test results.
Statistical analysis
From the joint cohort, we included only women with adequate cytology and HPV tests at baseline and with at least one follow-up cytological or histological test. We regarded abnormal cytology as the equivalent of atypical squamous cells of uncertain significance (ASCUS) or worse for all the participating studies. Women were followed up from the date of the baseline test. Incidence depends on the number of person years of follow-up, and, for a disease detectable by screening, follow-up requires the person to have attended screening. Therefore, we censored follow-up at the date of diagnosis of the CIN3+ lesion (CIN3 or invasive cancer, including squamous and adenocarcinoma) or at the last registered testing date. Firstly, we estimated the specific cumulative incidence rate of CIN3+ by original baseline group (cytology−/HPV−, cytology−/HPV+, cytology+/ HPV−, and cytology+/HPV+) for each country, with 95% confidence intervals, using the non-parametric Kaplan-Meier product limit estimator for log(hazard). 23 Secondly, to determine whether lack of homogeneity between the different studies in the joint cohort influenced results we used comparative analysis of systematically drawn subsamples of the joint cohort, so called bootstrap analysis. 24 The bootstrap stratified random subsample was constructed by drawing, with replacement, firstly from studies and then from individuals within studies. We constructed and analysed 1000 bootstrap replications in the same manner as the original country specific analysis and used the mean of these 1000 replicas as the pooled estimate of the cumulative incidence rate corrected for heterogeneity, with 2.5 and 97.5 centiles as estimates for the 95% confidence interval. As a measure for heterogeneity, we compared the original cohort specific 95% confidence intervals with those obtained from the multilevel bootstrap. This can be transformed into an estimate of the overdispersion parameter (or "scale" parameter), where 1 points to no heterogeneity among the studies and >1 points to increasing levels of heterogeneity. 25 26 Thirdly, we calculated the test performance indices for cytology alone, HPV test alone, and cytology and HPV test combined (at least one of the two positive). Because we did not have complete data for all four original baseline groups, we excluded studies from Denmark and Tübingen from these analyses. These indices were calculated using 2×2 tables based on the cumulative incidence rate at 72 months for the different baseline test combinations, weighted by the proportion (adjusted for heterogeneity) of each of these subgroups at baseline. 27 The 95% confidence intervals around the indices were obtained by bootstrapping. 25 All analyses used S-PLUS 6.0 Professional Release 1.
RESULTS
Out of 24 295 women included in the pooled analyses, 381 developed histologically confirmed CIN3+ during six years' of follow-up (table 2). The positive predictive value for future CIN3+ was highest among women with abnormal cytology and positive HPV test at baseline (cytology+/HPV+) (cumulative incidence rate 34%, 95% confidence interval 26.8% to 45.4%) (fig 1) . Women with normal cytology but positive HPV test (cytology−/HPV+) had a continuously increasing cumulative incidence rate of CIN3+, eventually reaching 10% (6.2% to 15.1%) after six years. Women with abnormal cytology and negative HPV test (cytology+/ HPV−) had a cumulative incidence rate for CIN3+ of 2.7% (0.6% to 6.0%). Women with both normal cytology and negative HPV test (cytology−/HPV−) had a low risk of future CIN3+ (0.28%, 0.10% to 0.47%). We compared the cumulative incidence rate of CIN3+ after being cytology−/HPV− with that of CIN3 + for normal cytology alone and negative HPV test alone (fig 2) . At six years of follow-up, the rate of CIN3 + was significantly lower among women negative for HPV (0.27%, 0.12% to 0.45%) than among women with negative cytology results (0.97%, 0.53% to 1.34%). By comparison, the rate of CIN3+ at the most commonly recommended screening interval in Europe (three years) was 0.51% (0.23% to 0.77%) for women with negative cytology results and 0.12% (0.03% to 0.24%) for women negative for HPV. At five and four years of follow-up, the rates were 0.25% (0.12% to 0.41%) and 0.19% (0.08% to 0.32%) for women negative for HPV CIN3+=cervical intraepithelial neoplasia grade 3 or cancer; NPV=negative predictive value; PPV=positive predictive value. *P value for trend. †As only studies in France and Spain contained women <30 with complete test data, data for women aged 30-34 and <30 as well as P value for trend are restricted to these cohorts only.
‡P value for trend. compared with 0.83% (0.50% to 1.13%) and 0.69% (0.39% to 0.98%) for women with negative cytology results. There was little difference in rates for CIN3+ between women with negative results on both tests and women negative for HPV (fig 2) . The rate for CIN3+ among women positive for HPV was lower than for women with abnormal results on cytology but increased continuously and gradually approached the rate of women with positive results on cytology (fig 3) . Analysis with an alternative outcome definition that included all high grade lesions (CIN grade 2 or worse; CIN2+) showed essentially similar results but was based on a higher number of cases (n=585). For example, at six years of follow-up, the cumulative incidence rate of CIN2+ was 0.67% (0.39% to 1.11%) among women negative for HPV and 1.76% (1.00% to 2.47%) among women with negative cytology results. The rates at three years of follow-up were 0.19% (0.07% to 0.38%) and 0.79% (0.43% to 1.16%), respectively.
As the prevalence of HPV infection is highly age dependent and as cytological performance also varies with age, we analysed positive and negative predictive values, sensitivity, and specificity of the screening tests stratified by age group (tables 3, 4, and 5). The sensitivity and negative predictive value of cytology improved with age (table 3) . Both cytology (table 3) and the HPV test (table 4) had higher specificity for women above 35 years but did not improve any further among women above 49.
The seven studies included in the pooled analyses had estimates of cumulative incidence rate for CIN3+ that were not significantly different among cytology−/ HPV−, cytology−/HPV+, or cytology+/HPV− women (scale parameters: 2.48, 1.80, 2.23; P values 0.14, 0.36, 0.1). The cumulative incidence rate of CIN3 + among women with positive cytology and HPV test, however, was clearly different between studies (scale parameter 4.77; P=0.01) (fig 4) .
DISCUSSION

Main findings and strengths
Using pooled data from seven HPV screening studies in six European countries we estimated a cumulative incidence rate for future histologically confirmed CIN3+ during six years of follow-up. The uniformly low rate among women with negative results on both cytology and HPV tests suggests that double negativity confers a long lasting protective effect that is remarkably robust, considering that the participating studies used several different types of HPV tests in several different settings and in several different age groups. The long lasting protective effect was similarly low in women negative for HPV and women with negative results on both tests.
That several studies in different settings in different countries and with different infrastructure and intensity of follow-up gave largely similar results is a strength of the study, as it implies that the data are generalisable to various settings. Similarly, that we studied the actual cytological tests used in the different countries implies that the data are generalisable-for example, the largest study in the joint cohort (France) used the most modern cytology technique (liquid based cytology) and several other cohorts used the same routine conventional cytology as is used in organised programmes with a documented preventive effect on cancer.
Consistency with other studies
Our results agree with the results from a US cohort of 20 810 women that found that cytology−/HPV− women had a cumulative incidence rate of CIN3+ of 0.16% after 45 months and 0.79% after 122 months. 7 Similarly, in a German cohort of 4034 women, 0.7% of cytology−/HPV− women developed CIN3+ during five years of follow-up 8 and in a Dutch cohort of 2810 women there was only one case of CIN3+ among women with negative results on both tests during 4. 6 years of follow-up. 28 
Limitations and other considerations
As expected, the HPV test was less specific than cytology. The higher specificity in women aged over 35 suggests that restricting HPV testing to older women would reduce overdiagnosis. With increasing length of follow-up, however, the cumulative incidence rate for CIN3+ increased more among women positive for HPV than among women with positive cytology results. This implies that the problem of HPV based screening resulting in increased overdiagnosis, with women unnecessarily referred for clinical procedures, is attenuated in evaluations with longer follow-upsome of the HPV positivity that seems to be false positivity in cross sectional evaluations will turn out to be true, but earlier, detection of CIN3+.
Verification bias might overestimate the performance of screening tests when only women with a positive screening test result are referred for colposcopy. Only some of the included studies performed colposcopies in women with negative results on both tests. It is, however, rare to diagnose CIN3+ by colposcopy in such women 29 30 and the fact that there was limited variability between studies also suggests that verification bias has not materially affected our estimates.
Nevertheless, as assessment of the incidence of CIN3 + by baseline group during follow-up depends on the intensity of screening our estimates should be CIN3+=cervical intraepithelial neoplasia grade 3 or cancer; NPV=negative predictive value; PPV=positive predictive value. *P value for trend. †As only studies in France and Spain contained women <30 with complete test data, data for women aged 30-34 and <30 as well as P value for trend are restricted to these cohorts only. ‡P value for trend.
interpreted as relative rather than absolute. 31 We included only women who had been screened at least once during follow-up, and the follow-up time was longer than the recommended screening intervals in all the included countries. 32 In one study (Spain), no action was taken because of positive results of HPV tests at baseline whereas four studies mandated extra testing or colposcopy, or both (Sweden, Hannover, UK, and France). As we did not include Denmark and Tübingen in the follow-up of women with positive results on cytology or HPV tests, our cumulative incidence rate of CIN3+ is almost entirely based on active follow-up of HPV tests and should reflect the outcome of active HPV based screening strategies.
As prevalence of CIN3+ is associated with prevalence of HPV some heterogeneity between studies might be explained by differences in prevalence of HPV-for example, Spain has a low prevalence of HPV. 22 Another possible source of variability is the fact that the German, French, Danish, British, and Spanish studies used hybrid capture II for HPV detection, while the Swedish study used polymerase chain reaction. The agreement between the two is substantial, 33 34 and there was no obvious difference in results depending on the HPV test used. The most obvious source of heterogeneity between countries was the variability in interpretation of cervical smear tests, as the proportions of positive cytology results ranged from 2% in Sweden to over 4% in Hannover and Spain, 5% in the UK, and 7% in France; these differences cannot be entirely explained by the observed differences in the prevalence of HPV.
In conclusion, these joint European data suggest that screening intervals could safely be lengthened to six years among women with a negative result on an HPV test. This could at least partly compensate for the increased referral rate resulting from HPV based screening strategies.
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WHAT IS ALREADY KNOWN ON THIS TOPIC
Cervical screening with HPV testing is more sensitive for detection of cervical intraepithelial neoplasia grade 3 or cervical cancer (CIN3+) Cost efficiencies of cervical screening strategies combining cytology with HPV testing depend on the duration of the protective effect of negative testing as this determines the optimal screening interval
WHAT THIS STUDY ADDS
A joint analysis of seven different studies in six European countries consistently found a low six year cumulative incidence rate of CIN3+ among women negative for HPV Cervical screening strategies with HPV testing every six years is safe and effective RESEARCH
